We applied a wave-equation based adjoint wavefield method for seismic illumination and resolution analyses. A twoway wave-equation is used to calculate directional and diffracted energy fluxes for waves propagating between sources and receivers to the subsurface target. The first-order staggered-grid pressure-velocity formulation, which lacks the characteristic of being self-adjoint is further validated and corrected to render the modeling operator before its practical application. Despite most published papers on synthetic kernel research, realistic applications to two field experiments are demonstrated and emphasize its practical needs. The Fréchet sensitivity kernels are used to quantify the target illumination conditions. For realistic illumination measurements and resolution analyses, two completely different survey geometries and nontrivial pre-conditioning strategies based on seismic data type are demonstrated and compared. From illumination studies, particle velocity responses are more sensitive to lateral velocity variations than pressure records. For waveform inversion, the more accurately estimated velocity model obtained the deeper the depth of investigation would be reached. To achieve better resolution and illumination, closely spaced OBS receiver interval is preferred. Full waveform approach potentially provides better depth resolution than ray approach. The quantitative analyses, a by-product of full waveform inversion, are useful for quantifying seismic processing and depth migration strategies.
IntRoDuctIon
Waveform modeling and inversion are important, active and up-front research topics that utilize different types of wave responses from a complex 2D and 3D geological media. However, if spatiotemporal properties of the collected seismic data are aliased, usually more severe in space than in the time domain, the migrated depth section or inverted velocity structure will have very limited or even distorted image. The imaged subsurface target could be affected by many factors including limited acquisition geometry, available source/receiver instrument types, driving frequency band, difference in shooting patterns, complex overburden structure and the dip angle of the reflector. Therefore, angledependent illumination, resolution information and the associated correction strategy may be needed.
Traditional illumination and resolution analyses can be implemented by the ray-based method (Chen 1998; Schneider and Winbow 1999; Bear et al. 2000) ; common reflection (or conversion) point (CRP or CCP, Zhu 2000 , 2002 or Fresnel zone (Muerdter and Ratcliff 2001a, b; Muerdter et al. 2001) . Standard ray (Červený and Klimeš 1984) , geometric ray (Chen 1998) or dynamic ray tracing (Červený and Pšenčík 1983) can be used to calculate energy propagation along the source-target-receiver path. These approaches are all ray-based illumination analysis which relies on a smoothly varying velocity model, distribution of ray paths, potential coverage on the target horizons, offset, hit counts and are often demonstrated with checkerboard tests.
Although the ray-based analysis can handle irregular acquisition geometry and laterally varying velocity models, the high-frequency asymptotic approximation, ray path and caustic inherent in ray theory may severely limit its accuracy and sensitivity in structurally complex regions. While ray-based method is relatively efficient for target-oriented analysis, it is not a "physics-based" approach. Moreover, frequency information is not used as travel-time is the main parameter considered. Even though an ad hoc approach, the so-called fat-ray approximation (Husen et al. 2001) , was introduced in order to incorporate frequency information. Once travel-time is picked, the frequency information is lost in the analysis. By exploiting a pulsed signal traveling from source to a distance receiver through seismically defined media properties, measuring waveform changes affected by multitude of different propagation paths becomes important. Therefore physical concept of wave paths, introduced by Luo and Schuster (1991) and Woodward (1992) would closely relate to Fresnel optics (Born and Wolf 1980) .
Many attempts have been made through synthetic studies by applying the wave-equation based method for seismic analyses. Using common focusing point (CFP), instead of CRP or CCP analysis, Rietveld et al. (1992) , and Volker et al. (2001) investigated the effect of acquisition geometry on the target illumination through migration analysis. Hoffmann (2001) used the illumination information for resolution analysis. Gelius et al. (2002) and Lecomte et al. (2003) defined a resolution function and discussed the effect from complex velocity model. Schuster and Hu (2000) derived an analytical solution for target point-scatter responses by assuming a homogeneous velocity model with continuous distributed sources and receivers. These results are usually restricted to simple geometries or do not provide directional information that is crucial for target oriented imaging. Rickett (2003) developed a normalization scheme to compensate for the effect of irregular illumination. Based on a one-way wave-equation, Xie et al. (2006) utilized generalized screen propagator and local plane-wave analysis methods to properly cope multiplescattering phenomena, including focusing/defocusing, diffraction and wave-interference effects but ignored reverberations between heterogeneous layers.
In this paper, two practical contributions are made based on kernel studies through the adjoint wavefield method. We validate and correct the non-self-adjoint property involved in the first-order pressure-velocity formulation for numerical modeling. The propagator based on two-way wave equations is implemented to extrapolate the wavefields forward from sources and backward propagate the residual wavefields from receivers to the target region. Based on kernel construction for illumination measurements and resolution analyses, the concepts of Fresnel optics are used in realizing main energy fluxes and diffraction pattern caused by the local velocity perturbations. Taking the advantage of not being limited to the smoothly varying velocity model, the proposed illumination analysis is applied and compared their resolution limits for both 2D and 3D marine seismic data acquisition surveys conducted in 2008 and 2009 respectively.
IlluMInAtIon AnAlySIS WIth ADjoInt StAte MethoD
Following Xie et al. (2006) , the wave equation based algorithm for illumination analysis is briefly outlined. Using the multiple forward-scattering followed by single-backward scattering approximation, the full information content in the recorded seismogram can be represented through Green's function by 3D volume integral over sources and receivers.
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where r is spatial position vector within V( r ), P( r ) is the computed quantity from superposition of seismic wave responses of Green' is the background wavenumber, c r 0^h is the local background reference velocity and ω is angular frequency. We use a two-way pressure-velocity wave-equation based propagator to calculate Green's functions.
To calculate illumination, a fictitious plane reflector with a dipping angle and a unit (or constant) reflectivity is usually required (Muerdter and Ratcliff 2001a) . Using plane-wave superposition principle, we can generalize the idea into an arbitrary non-flat reflector. The target illumination response function [Xie et al. 2006 : Fig. 1 and Eq. (5); Virieux and Operto 2009: Fig. 4 ] is defined as
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is the local illumination matrix of the source-receiver pair (r S , r R ). The equations , ; , ; , ;
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are the mean squares of Green's functions, which are proportional to energy fluxes form the source and receiver to the target, respectively. The * denotes complex conjugate, K is the horizontal wavenumber with k = K + k z ê z . Given the local reference c r 0^h, the k z can be determined from its horizontal component via .
= -For a system composed of multiple sources and receivers, the illumination responses can be calculated by stacking all contributions from individual source-receiver pair.
For a given acquisition geometry and background velocity, the matrix A(r, K S , K R ) is composed of all possible local scattering events that contribute to target illumination. The integral sums the energy that can actually contribute to a particular target and gives the illumination response at location r. Thus, all effects involved in the acquisition configuration, the background velocity and perturbation closely associated with surface topography, layer boundary, target geometry and reflectivity strength are all included in the calculation. The total illumination response function, D T (r), is calculated by sums of energy from all possible scattering contributions for all source-receiver pairs.
Similar theory used in ocean acoustic studies, following Huygens-Fresnel principle and invoking reciprocity, the acoustic diffraction pattern D pattern or equivalently 'the effective pressure (Fréchet derivative) sensitivity kernel' can be computed as the product of both Green's functions at the receiver r R and at the source r S (Iturbe et al. 2009; Virieux and Operto 2009) 
The computation of diffraction pattern can be explicitly constructed through the adjoint-state wavefield (AW) operator. The procedure involves reverse-time propagation of recorded data and cross-correlating with the corresponding forward propagating wave fields from source (McMechan 1982; Claerbout 1985) .
VAlIDAtIon on Self-ADjoInt opeRAtoR foR MultI-coMponentS obS DAtA
Using the pressure-velocity formulation based wave propagation engine to construct its associated effective sensitivity kernels may vary depending on the type of data used. For simulating observed vertical component data with pressure (air-gun or explosive) source synthesis, the spatial reciprocity relationship between vertical particle velocity wavefields generated by explosion and corresponding pressure wavefields generated by a vertical force have to be verified first. Chen (1996 Chen ( , 1999 and Operto et al. (2006) indicated that the fundamental relationship between explosive pressure sources is equivalent to two perpendicular vector dipoles with a fixed arm. Base on reciprocity principle, one can match pressure wavefields generated by a vertical force with vertical velocity wavefields generated by an explosion. Figure 1 documents the validation procedures on utilizing the self-adjoint operator through first-order pressure-velocity wave equation formulation involved in ocean bottom seismograph (OBS) data and survey geometry. The validation on reciprocity principle and consistency is important when full waveform modeling and inversion is implemented. Separate tests (Figs. 1a to c) are conducted to validate non-self-adjoint operator and the correction made in utilizing elastodynamic wave equation. Each figure contains seismograms from forward simulation (left panels), adjoint data for backward propagation from the receiver position (center panels) and the corresponding sensitivity kernels (right panels). For marine OBS survey, air-gun explosive (E) source, usually located a few meters below sea surface, is detonated and different types of seismic responses can be recorded by OBS deployed at the sea floor. Multi-attribute seismic responses recorded by hydrophone pressure (P) sensor, horizontal (V x ) and vertical (V z ) components of geophone sensors are simultaneously recorded. Through acousto- (Chen 1999) , viscoacoustic (Chen 1996 (Chen , 2006 , viscoelastic (Kang and Chen 2003) and/or elastodynamic wave equations (Chen and McMechan 1992) approach for multi-component and multi-attribute wavefield computations, we are able to carefully check the corresponding pressure and velocity kernels from the same adjoint operator. The computed Fréchet derivative kernel based on the AW method is used to validate the characteristic of self-adjoint property through the same forward modeling engine.
To simplify the description in each figure, we formulate our test cases through [X,S2R(or R2S) ,Y] notation to indicate the propagation path from source (S) to receiver (R) or vice versa. Symbol X denotes the type of excitation by explosion, horizontal force (F x ) or vertical force (F z ). Symbol Y denotes the associated type of computed seismic responses (P, V x or V z ). In addition, a schematic diagram is attached at each seismogram display in order to indicate main wave propagation direction in each testing case. Figure 1a shows that the sensitivity kernels obtained from three cases have different illumination properties including waveform amplitude, polarity and diffraction pattern. For example, Fig. 1a shows the sensitivity kernel obtained from S suspended at 300 m below sea surface and R located at the sea floor at depth of 1700 m. The Fréchet derivative kernel shown in the top panels is computed from cross-correlation between E,S2R,P and E,R2S,P wavefields. The kernel shows the image from diffraction sums and thus indicates its diffraction pattern. For other two cases, the amount of energy, inferred from amplitude, involved in the forward simulation of particle velocity (V x , V z ) from E and its adjoint P data from dipole force (F x , F z ) are lower than the energy level shown in the top panels. Note that the non-zero value in the first Fresnel zone is mainly caused by 2D computation and regions close to the source and receiver locations show very distinct phase changes across iso-phase Fresnel zones. Figure 1b shows the validation results obtained from reciprocity tests. Top panels show (E,R2S,P; E,S2R,P) test case and compare the results from Fig. 1a for (E,S2R,P; E,R2S,P). Because E and P are all isotropic and scalar quantities, thus it is not surprising to learn that the reciprocity principle is valid and the corresponding kernel appears to be the same. On the contrary, in other situations when directional force or particle velocity responses are used, the waveforms and the corresponding kernels lack the characteristic of being self-adjoint. In Fig. 1b , the kernels obtained from the middle and lower panels appear to have an opposite sign compared to the results in Fig. 1a . Our contribution, after scaling by a constant either in the residual wavefield or in the corresponding sensitivity kernel renders the modeling operator to become self-adjoint before developing the adjoint state method for illumination analysis. Figure 1c is the corresponding test cases that produced exactly the same kernels compared to the results from Fig. 1a . It is worth noting that the corresponding waveform data in both forward and adjoint operators, except top panels, exhibit reversed polarity compared to the reciprocal cases shown in Fig. 1a .
ApplIcAtIon of MARIne SuRVeyS AnD DAtA typeS
This section investigates the frequency-dependent illumination analysis related to wave paths and diffractions generated by the heterogeneous media and how sensitive the amount of velocity perturbations can be revealed by the theory discussed in the previous section. Two types of marine surveys (Fig. 2 ) were used to demonstrate the importance in survey design and data attributes for imaging. Multi-channel seismic (MCS) survey usually utilizes fairly narrow incidence angle for reflection arrivals mainly designed for investigating shallow crustal structural features. Figure 3 shows P-wave velocity models with two types of configurations for OBS data survey in order to compare their associated resolution limits affected by different receiver spacing and overburden structure. For a large-scale seismic survey, the strategy often requires large receiver spacing with closely spaced shot interval, mainly for recording 2D wide-angle reflection and refraction (WARR) seismic data for deep structure investigation. Such survey configuration is often used for reconnaissance survey. Another survey strategy, usually designed for 3D survey, requires more tightly spaced receiver interval. Several OBS instruments were deployed within relatively small but targeted area but still tend to collect WARR seismic data with moderate aperture for investigating shallow-to-intermediate depth structure. Such survey configuration is often used for target oriented exploration. Figure 3 shows the comparison of two different models with scale-dependent source-receiver survey configurations for illumination and resolution analyses. The first model has an average receiver spacing of about 10 km while the second model has an average spacing of less than 1 km. In addition, each model consists of two types of velocity constructions. The first type employs linearly increasing velocity gradient (LIVG) model while the second model can be derived from various velocity estimation techniques. The long-offset model has horizontal distance of 130 km with depth reaches 15 km. Twelve OBSs were deployed in order to reveal largescale tectonic features. Besides the gradient model, the second velocity model is constructed from the best estimated solution from first arrival travel time (FATT; Zelt and Smith 1992) tomography. In contrast, a much smaller survey with model size of 20 km × 7 km is extracted from a 3D MCS/ OBS seismic survey. The 3D survey aims to combine both MCS and OBS data for a target oriented seismic exploration of gas hydrate. For OBS survey, the target zone was further confined to within 5 km with eight OBSs deployed in that region. The smoothly and laterally varying velocity model was obtained from conventional semblance velocity analysis for estimating the stacking/interval velocity. (Deng et al. 2010) . Closely spaced but more randomly distributed OBS locations are designed for a target oriented exploration survey for gas hydrate through 3D survey (Cheng et al. 2010) . 12.5 m are used in order to have a high frequency content of 10 Hz in the computed synthetic seismograms. In contrast, to match the air gun shot interval, the coarse-grid models (middle and lower panels) have grid increment of 50 m capable of simulating 1 Hz responses. Illumination maps for the fine-grid model (top panels) show many low and close to zero strength regions. The zones with zero values show more apparent ray-like propagation phenomena. Along seismic line MGL0905-08, the OBS spacing is rather sparse which varying from ~5 to 15 km. For finegrid and high frequency contents of seismic responses, the unevenly distributed OBS locations produce undesirable variations of illumination strength and have limited resolving power in the gas hydrate bearing strata which lie several hundred meters below seafloor. Even though illumination range can be improved by using coarse-grid and low frequency seismic data (middle panels), the relative low and laterally fluctuating illumination strength obtained within a few hundred meters below seafloor still exist. Therefore, based upon pressure data unreliable analyses results could be obtained where gas hydrate is known to be abundant (Liu et al. 2006) . Such situation truly reflects the potential difficulty and limitation caused by survey design strategy or owing to some practical consideration during the field deployment stage. Notice that the regions with more reliable illumination intensity (darker color in red or blue) are located between the adjacent OBS pairs and not underneath each OBS location. In addition, the "illumination holes" where low strength exists also exhibit angle-dependent illumination feature associated with each OBS location. Such spatially varying characteristic features indicate that illumination strength is function of source, receiver locations, velocity perturbation and refraction/reflection angles on the targets.
The results from quantitative illumination analysis are very useful for the follow-up seismic processing involving pre-stack depth migration for imaging and full waveform inversion for velocity refinement. For a fine-grid model, clear wave paths which correspond to seismic multiples generated by the sea floor are more apparent than those shown in the coarse-grid model. For large scale OBS survey, using coarse-grid associated with low frequency seismic content is helpful in increasing the area which could be illuminated. Thus, for this type of survey geometry with rather sparse OBS receiver spacing, data containing low frequency signature and coarse-grid model should be used for better spatial aperture coverage, but at the risk of obtaining low resolution results from all shot-target-receiver contributions. Moreover, the inserted HVZ exhibits different level of illumination intensity especially for fine-grid, high frequency data. The wider the receiver spacing, especially those two OBSs located between 95 and 115 km, the more blurred illumination intensity would be obtained. The penetration depth also appears to be affected by the thick strata with more steeply dipping structural feature on the right hand side of the tomography model (Fig. 3) . Such observed target-related and angle-dependent illumination properties will affect future survey design. However, the "checkerboard like" illumination pattern revealed from the coarsegrid model above and below the HVZ introduces additional concerns. For low frequency seismic contents, the large receiver offset will provide better depth of investigation but with lower illumination strength. Comparing results from the illumination analysis for two different velocity models, if the seismically defined media propagation speed becomes more accurate, the better and the deeper illumination can be achieved. Thus, full waveform approach can provide better resolution than ray approach.
Another important consideration is in terms of the amount of energy transmitted across the sea floor. The range-dependent reflectivity contrasts along mostly existing unconsolidated sediments, occasionally exposed by bed rock or rather thin sediments layers, provide additional uncertainty affecting our illumination analysis. Although using broadband OBS instrumentation is an ideal situation for receiving passive seismic data from teleseismic event, large receiver spacing still poses a potential problem for depth resolution. For an active source experiment, the OBS survey is designed to avoid large transmission energy loss when seismic waves traveling within the water layer. Because the air-gun source was fired a few meters below sea surface, seismic waves with rather strong amplitude traveling within the water layer will generate multiple reverberations which can mask deep reflections. The path-dependent masking effect can be partially alleviated and often the reciprocity principle is employed to ease the computational requirement in seismic modeling, migration and inversion.
Because of "checkerboard like" and irregular illumination strength pattern observed in the computed image, additional regularization (Rickett 2003; Operto et al. 2006; Guitton et al. 2010 ) is required. The bottom panels in Fig. 4 show the improvement after attenuating the high wavenumbers in the computed gradient by smoothing the result. The size of smoothing operator in the horizontal and vertical directions is a function of an average wavelength at a given frequency. Because normalized amplitude is used for illustration, the amount of variations before normalization is different. It is interesting to note that no matter what kind of background models (bottom panels) are used, a clear but separated elliptical shaped illumination pattern with lateral variation in its intensity becomes more apparent after regularization. Although horizontal HVZ layer becomes visible for low frequency data, more closely spaced OBS data is still preferred. Comparing illumination results between LIGV (left panels) and tomography (right panels) models, tomography model still provide better depth resolution than gradient model. Figure 5 illustrates a completely different survey strategy with rather closely spaced OBSs for 3D target-oriented survey. In addition, we compare the illumination results and its associated resolution properties with different types of data. The top panels are the distribution of illumination strength obtained from the explosive source with pressure records for different velocity models. Lateral velocity variations estimated from semblance analysis create smaller, shallower with strong laterally varying illumination distribution while the gradient model provides more coherent illumination power. Angle-dependent illumination distribution (middle panels) is obtained from the directional vertical force with responses corresponds to the vertical component of velocity and appears to be affected by the variation of structure model. Illumination responses for the pressure field have much larger amplitude value compared to the responses created by vertical force (see amplitude level shown in Fig. 1) . Moreover, the resolution power revealed from illumination analysis indicates that in spite of the source types, vertical component of velocity records appears to be more sensitive to lateral velocity changes than pressure field. The distribution of illumination strength is different in revealing the horizontal HVZ layer among different type of seismic data, source types and initial models. The lower panels of Fig. 5 show the enlarged details on the lateral changes in the computed illumination strength from pre-defined velocity distributions. Focusing, diffractions and multiples related illumination distribution are clearly visible. Thus, one would expect that using different type of data will affect the amount of computation time required for full waveform inversion.
concluSIonS
The practical applications of partial derivative wavefields for constructing various sensitivity kernels from different seismic responses are demonstrated for illumination and resolution analyses. Despite various published kernel studies, mostly for synthetic case studies, our contribution clearly demonstrates its importance and practical needs before full waveform inversion can be put into practice. Seismic waveform inversion is usually an under-determined and ill-posed problem which suffers from the amount of available data, spatial aperture coverage and frequency range used. Thus illumination analysis in terms of resolution for the targeted zone becomes important even during the survey planning stage. The wave-equation based illumination analysis and its direct application to two realistic field experiments reveal its important issues and the potential needs in full waveform inversion.
The reciprocal wavefields are identical only if the responses and the orientations of the source and receiver are matched. For the OBS survey, we performed the validation tests based on reciprocity principle and show that the locations of source and receiver should be reciprocal as well as the orientations. Thus, for example, the horizontal motion from the explosive source can be decomposed into two separated horizontal motions generated by vertical and horizontal dipole forces. The reciprocal simulation of horizontal responses can be replicated by summing horizontal and vertical responses from a horizontal dipole source. Such complication occurred mainly related to the type of waveequation used. For second-order wave equation involving only pressure field computations, self-adjoint operator is valid disregarding its orientation. For applications related to first-order pressure-velocity elastodynamic wave equation, special care is needed for waveform simulation, migration and inversion. Concerns about reciprocal wavefields and validation tests are always necessary and even become important for elastic wavefields responses in 2D and 3D computations.
Comparing different survey configurations between Figs. 3 and 4, the illumination and resolution analyses indicate that small-offset survey achieves better resolution than large-offset one. On the contrary, the depth of investigation becomes quiet different as wide-aperture survey provides better depth coverage but loses its resolution. For deep structure investigation, large-scale and wide-aperture multi-component seismic survey with less than 1 km OBS receiver spacing, broad frequency band including low frequency content and combined with MCS data (Wang et al. 2001 ) becomes inevitably necessary.
